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ABSTRACT
ThisdemonstrationpresentsthesolutionforaroboticDigitalTwin
systemthatintegratesFogcomputingtooloadtherobotcontrol
logic.Thissolutionisthenusedtodemonstratetheproblemsthat
DigitalTwinsystemmayfacewhenperformingteleoperationover
anunreliableanddelayedlink.
CCSCONCEPTS
•Networks→ Networkexperimentation;•Computersys-
temsorganization→ Roboticcontrol.
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1 INTRODUCTION
Withtheriseofthenextgenerationof5Gtechnologies(5GNR,
NFV,EdgeandFog),DigitalTwiningispavingthewayforcyber-
physicalconvergenceandprovidinganewwaytoexecutesmart
manufacturing,managementandremotecontrol.Virtualmodelsof
physicalobjectsarecreatedtoreplicatetheirbehaviorsindigital
environments.TheDigitalTwinsystemismainlycomposedof
threecomponents:(i)virtualmodelsinthedigitalenvironment;(i)
physicalobjectsintherealenvironment;and(ii)datathattiesthis
twoenvironmentstogether.
Inparticular,theimplementationofteleoperatedDigitalTwin
systemscanbeusedindynamic(andeventualydangerous)envi-
ronmentstokeephumanoperatorssafeandtosigniicantlyreduce
operationcosts. WiththewidespreadofEdge[3]andFog[2]com-
putingparadigm,newopportunitiesariseforremotelyoperated
DigitalTwinsystemsbyremovingtime-sensitiveapplications(e.g.,
controlalgorithms)fromthephysicalobjectsandplacetheminthe
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closeproximityoftheend-users.Moreover,contextnetworking
information(e.g.,communicationlinksstatus)acquiredfromtheac-
cessnetworkcanbeusedtoadaptthephysicalobjects’operations.
Asaresult,itispossibletobuildlightweight,lowcost,andsmarter
physicalobjectswhileexploitingtheEdgeandFogdistributedin-
frastructuretosharetheconnecteddatabetweenvariousvirtual
modelsforcooperativeoperation.
Despitetheevidentadvantagesthatthisparadigmoferstotele-
operatedDigitalTwinsystems,thenetwork-assistedroboticcon-
ceptisstilfarofbeingfulyexploitedandoptimized.Thedistri-
butionofthetime-sensitivecontrollogicbetweenthephysical
objectsandtheinfrastructureleadstowardsanewsetrequirements
(includinglowlatency,highreliabilityandavailabilityandhigh
bandwidth)thatareplacedovertheunderlyingcommunication
technologies.
Moreover,themobileandsmartmanufacturingparadigmin-
troducedbyIndustry4.0,wirelessconnectivityisanecessityand
currentradioaccesstechnologies(RATs)(e.g.,Bluetooth,WiFi,LTE)
facelimitationswhentryingtoaddresstheabovementionedre-
quirements.Motivatedbytheseneeds,theifthgenerationofmobile
networks(5G)hasdeinedultrareliableandlowlatencycommuni-
cations(URLLC)[1],beingverywelpositionedtoovercomethe
shortcomingsofcurrentRATs.
Inthisdemopaper,aproof-of-conceptimplementationofaROS-
basedRobotDigitalTwinsystem,thatisdistributedbetweenthe
physicalroboticsystemandexternalcomputingresources,isdevel-
opedandshowcased.Thedevelopedsystemisusedtoteleoperate
aphysicalrobotinnearrealtime,demonstratingtheproblems
thatDigitalTwinsystemsfacewhenremotecontroloperationsare
performedoverunreliableordelayedIEEE802.11link.
2 SYSTEMDESIGNANDIMPLEMENTATION
Fig.1depictsthesetupusedforthisdemonstration:(i)6-axisNiryo
One1robotmanipulatorisusedasthephysicalrobot;(i)alaptop
(with8GBofRAMand4vCPU)equippedwithanXbox360con-
trolerisusedasanFognodeanddeviceusedbytheteleoperator;
and(ii)an WiFi(IEEE802.11ac)accesspointprovidingwireless
connectivity.BoththeNiryoOneRobotandthelaptoparealso
connectedbya10GB/sEthernetlink.
TheshowcasedDigitalTwinsystemisimplementedbasedon
RobotOperatingSystem(ROS)2,whichmodulesaredistributed
acrosstherobotandthelaptop.TheROSDrivernodesaredeployed
intherobot,beingresponsiblefor(i)makingavailablerobotsen-
sordataandoperationalstatesand(i)executingmanipulation
1htps:/niryo.com/[Accessed:13July2020]
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Figure1:Systemdesignandimplementation
commands.TheremainingoftheROSmodulesaredeployedin
thelaptop.TheMotionplaningisresponsibleforindinginverse
kinematicsandbuildingapathfortherobot.Thispathconsistsof
asequenceofmovementsthataresendtotheROSdrivesfolowing
agivenfrequency.Theloopisthenclosedbytherobotcontinu-
ouslysending-backthecurrentposition.ThetopoftheROSstack
consistsontheInterfacemodulewhichimplementsanhigh-level
abstractionforthecoreMotionplanningfunctionalities.Thismod-
ulecanbeseenasthegatewaybetweentheoperatorandtherobot
thatensuressafeandoptimaloperations.Finaly,anapplicationis
required(i.e.,DigitalTwinapp)tocombinealthemodulesandgive
humanunderstandingoftheconnecteddata.TheDigitalTwinapp
implementsa3Dmodeloftherobotandajoystickremotecontrol
node.
3 DEMONSTRATION
Thisdemonstrationaimsatshowcasingtheneedforan5GEdgeand
FogsolutionforteleoperatedDigitalTwinsystems.Theatendee
interfaceswiththeDigitalTwinapptomanipulatetherobotinorder
toexecuteapick-and-placetask,showninFig.2.Thedemonstration
startswiththeatendeetryingtocontroltherobottopickanobject
fromaboxusingtheXboxcontroler.Oncetherobotisinthe
rightposition,thegriperisusedtopicktheobject,afterwhich
theatendeetriestomovetherobottowardshimselfsotheobject
canbedelivered.Uponasuccessfulydelivery,arewardobjectis
giventotherobotandtheatendeeatemptstoplacethisobjectin
arewardbox(tipsboxonFig.2).Theatendeemustperformedthe
aforementioneddemonstrationbyinterfacingonlywiththevirtual
models.
Thisdemonstrationisexecutedunderthreediferentscenarios
whichcoverdiferentnetworkconditionsandcommunicationtech-
nologies:(i)Ethernet-basedscenario;(i)WiFilatencyscenario;(ii)
WiFipacket-lossscenario.
Ethernet-basedScenario.IntheEthernetscenario,theatendee
executesthedemonstrationoverstablewiredlinkwithlowlatency
andnopacketloss.Theatendeecanperformareal-timeremote
controloftherobotwiththerequiredprecisiontoexecutethe
demonstration.Additionaly,theatendeewilobservethevirtual
modelbeingupdatedinnearrealtime.
WiFiLatencyScenario. IntheWiFilatencyscenario,acon-
stantartiicialdelayonthewirelesslinkisintroduced.Whilethe
Figure2:DigitalTwindemonstration
atendeeisexecutingthedemonstrationhewilnoticetheefects
ofincreasedlatencyinteleoperatedDigitalTwinsystems.Asthe
increasedlatencybetweentheDigitalTwinappandtherobotde-
creasesthereactiontimeoftheremotecontroler,theatendee
mightlosetherequiredprecisiontoperformthegiventask.Ad-
ditionaly,whilenavigatingtherobot,theatendeemightobserve
howaburstofdelayedcontrolpacketscanbebuferedandexecuted
inaveryfastsequence,resultinginanunpredictableandunwanted
behaviorbytherobot.Theincreasedlatencymightalsoforcethe
atendeetooperateondelayeddata,whichcanbeobservedthrough
thenosynchronizationbetweentherobotandthevirtualreplica.
WiFiPacket-lossScenario.IntheWiFipacket-lossscenario,
aconstantartiicialpacketlossonthewirelesslinkisintroduced.
Whiletheatendeeisexecutingthedemonstrationhewilobserve
theefectsofincreasedpacketlossinteleoperatedDigitalTwin
systems.Theatendeemightobservesigniicantdiicultiestocon-
troltherobotinthepresenceofpacketlossonthewirelesslink
betweentheDigitalTwinapptotherobot.Therobotmightnot
reactcorrectlytotheexecutedcommandsoftheatendee.Inthis
case,unpredictableanduncontroledmovementsfromtherobot
mightalsobeobservedwhichmakesthewholeenvironmentunsafe
foroperation.Moreover,theatendeemightobserveglitchesinthe
DigitalTwinappduetothelostpacketsthatreportthecurrent
poseoftherobot.Asaresult,theatendeemightfacediicultiesto
executethedemonstrationonsuchvirtualreplica.
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